Maternal separation (MS) is known to affect hippocampal function such as learning and memory, yet the molecular mechanism remains unknown. We hypothesized that these impairments are attributed to abnormities of neural circuit formation by MS, and focused on brain-derived neurotrophic factor (BDNF) as key factor because BDNF signaling has an essential role in synapse formation during early brain development. Using rat offspring exposed to MS for 6 h/day during postnatal days (PD) 2-20, we estimated BDNF signaling in the hippocampus during brain development. Our results show that MS attenuated BDNF expression and activation of extracellular signal-regulated kinase (ERK) around PD 7. Moreover, plasticity-related immediate early genes, which are transcriptionally regulated by BDNF-ERK signaling, were also reduced by MS around PD 7. Interestingly, detailed analysis revealed that MS particularly reduced expression of BDNF gene and immediate early genes in the cornu ammonis 1 (CA1) of hippocampus at PD 7. Considering that BDNF-ERK signaling is involved in spine formation, we next evaluated spine formation in the hippocampus during the weaning period. Our results show that MS particularly reduced mature spine density in proximal apical dendrites of CA1 pyramidal neurons at PD 21. These results suggest that MS could attenuate BDNF-ERK signaling during primary synaptogenesis with a region-specific manner, which is likely to lead to decreased spine formation and maturation observed in the hippocampal CA1 region. It is speculated that this incomplete spine formation during early brain development has an influence on learning capabilities throughout adulthood.
and electrophysiological function of the hippocampus related to learning ability (Oomen et al. 2010; Sousa et al. 2014; Wang et al. 2014; Chen et al. 2015) . It is likely that these impairments that emerge later in life are a result of abnormalities in hippocampal neurogenesis and synaptogenesis as a result of MS during early brain development. However, the molecular mechanism remains unknown.
Early brain development includes brain growth spurt, which is characterized by dramatic increase in brain weight (Dobbing and Sands 1979; Burns et al. 1984; Micheva and Beaulieu 1996) . Neural network formation such as axonal/ dendritic arborization and synaptogenesis rapidly occurs during this period (Andersen 2003) . In rat hippocampus, dendritic arborization and spine formation of pyramidal neuron are rapidly increased from the first postnatal week to the second postnatal week and nearly reach adult level by weaning period (Pokorny and Yamamoto 1981; Gaiarsa et al. 1992; Baj et al. 2014; Johnson-Venkatesh et al. 2015) . Given that these events are organized in a highly orderly manner, MS could interrupt normal neural network formation even if it is transient during early brain development. In fact, repeated MS affects dendritic arborization and spine density in hippocampal subfields later in life (Monroy et al. 2010; Oomen et al. 2010; Xie et al. 2013) . However, there is insufficient knowledge about the factors and critical period affected by MS.
Brain-derived neurotrophic factor (BDNF), which is one of the neurotrophic factors, is known to play a critical role in neuronal growth, maturation, and synaptic formation mainly through tropomyosin-related kinase B (TrkB) (Reichardt 2006; Yoshii and Constantine-Paton 2010) . Some studies indicate that BDNF increases spine density in apical dendrites of CA1 pyramidal neurons in rat hippocampal slice cultures from early postnatal period Pozzo-Miller 2001, 2003) . Numerous studies have also reported that MS affects BDNF expression in the hippocampus (Daskalakis et al. 2015) . Particularly, repeated MS decreases BDNF expression in the hippocampus of adult and aged rodents (MacQueen et al. 2003; Aisa et al. 2009; Solas et al. 2010) . Although several studies focus on the changes in BDNF expression by MS, there are few studies that follow alterations in BDNF expression during early brain development. Given the relation between BDNF and synaptogenesis during early brain development, it is important to evaluate the changes in BDNF signaling during the early postnatal period by MS, which may help understand the mechanism of brain development impaired by MS.
In light of the aforementioned facts, we hypothesized that abnormalities of hippocampal function after maturation by MS are attributed to the disturbance of BDNF signaling pathway related to spine formation during brain development, and aimed at elucidating how MS alters BDNF and its signaling in the hippocampus during the early postnatal period. In this study, we focused particularly on extracellular signal-regulated kinase (ERK) 1/2 because spine formation during brain development is mainly mediated by BDNF-ERK signaling (Doerks et al. 2002; Lesiak et al. 2013) . We estimated three different stages of this signaling pathway in the hippocampus: (i) BDNF and TrkB expression, (ii) ERK1/2 expression and activation, (iii) plasticity-related immediate early genes such as activity-regulated cytoskeleton protein (Arc), early growth response protein 1 (Egr-1), and cellular oncogene fos (c-fos), which are promoted by BDNF-ERK signaling . We also investigated the expression of BDNF exon IV, which is activity-dependent and is strongly stimulated by BDNF-ERK signaling compared to other BDNF signaling ). Moreover, we examined dendritic spines in the hippocampal subfields [Cornu ammonis 1 (CA1), Cornu ammonis 3 (CA3), and dentate gyrus (DG)] immediately after weaning to evaluate spine formation and BDNF-mediated signaling affected by prolonged MS. Our results show that MS transiently reduced BDNF expression, ERK activation, and transcription of immediate early genes in the hippocampus during early brain development. Furthermore, detailed analysis revealed that MS particularly affected the expression of BDNF gene and immediate early genes in the hippocampal CA1 region during early brain development. Similarly, the mature dendritic spines were notably decreased in proximal apical dendrites of the hippocampal CA1 pyramidal neurons during weaning period. Given that BDNF-ERK signaling is extensively involved in dendritic spine formation, reduction in spine formation in the CA1 is likely to be partly attributed to transient attenuation of BDNF-ERK signaling during early brain development.
Materials and methods

Animals
All experiments were conducted in compliance with the guidelines for experimental use and care of laboratory animals set forth by the Kagawa University Animal Ethics Committee.
Pregnant Sprague-Dawley rats purchased from Japan SLC (Hamamatsu, Japan) were used in this study. The rats were individually housed in plastic cages with a light/dark cycle of 12 h each (lights on from 0600 to 1800) in a temperaturecontrolled room (22 AE 2°C), and were given food and water ad libitum. Pregnant rats were allowed to give birth and the day of birth was designated as postnatal day (PD) 0. Pups collected from at least 8 litters were randomly redistributed to the dams at PD 2 so that each dam received eight pups (male/female = 4/4). The random assignment was done to exclude biological bias such as genetic and prenatal factors. Each of these redistributed groups was then randomly assigned to one of the two groups: the mother-reared control (MRC) group or the maternal deprivation (MD) group. The pups remained in the assigned rearing conditions until PD 20.
Maternal separation
The MS procedure used in this present study was described in our previous study (Ohta et al. 2014) . Briefly, MD groups were individually separated from their dams for 3 h, twice a day (from 0900 to 1200 and from 1300 to 1600; the pups were returned to their dams from 1200 to 1300 to avoid negatively affecting the nutritional state of pups) between PD 2 and PD 20. In our previous study, we confirmed that the nutritional state was unaffected, and serum corticosterone was increased during MS (Ohta et al. 2014) . Except during the separation periods, MD groups were returned to their home cage and reunited with their dams. MRC groups were allowed to remain in their home cage with their dams, and not handled except for changing their bedding at PD 8 and 15. Each analysis was conducted, using male offspring.
Hippocampal tissue sampling for real-time RT-PCR and western blot Hippocampal tissue samples were obtained using our previously published method (Ohta et al. 2014) . Briefly, the pups from both groups were anesthetized with isoflurane and intracardially perfused with medical-grade physiologic saline at PDs 4, 7, 10, 14, and 21. Sampling at PD 4, 7, 10, and 14 was done immediately after 3 h of separation to accurately estimate the changes during MS. All samples were obtained between 1200 and 1400 to minimize the effect of circadian change. After the perfusion, brains were removed from the skulls and sectioned in the coronal plane to yield 1-mm-thick slices, using Brain Matrix (Roboz Surgical Instrument, Gaithersburg, MD, USA). Hippocampal tissue was dissected from each slice under a stereoscopic microscope (Leica Geosystems, Heerbrugg, Switzerland). Samples were stored at À80°C until required.
Real-time RT-PCR
Homogenization of hippocampal tissue and extraction of total RNA were performed with RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The concentration and purity of the extracted total RNA were evaluated by optical density measurements at 260 nm and 280 nm, using NanoDrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA). Then, a QuantiTect Reverse Transcription Kit (Qiagen) was used to synthesize cDNA with integrated genomic DNA removal from 1.0 lg of the total sampled RNA. Gene expression was quantified by using the ViiA TM 7 (Thermo Fisher Scientific) with the Fast SYBR Green Master Mix (Thermo Fisher Scientific). Only 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) was analyzed by one-step PCR directly from 1.0 lg of the total RNA template with PrimeScript TM One
Step RT-PCR Kit Ver. 2 (TaKaRa Bio, Shiga, Japan) since HMGCR mRNA expression was very low. Primer pairs used in this study are shown in Table 1 . Primer pairs of BDNF exon IV were designed as described Zheng et al. 2011) . Also, primer pairs of BDNF exon IX, which is included in all splicing variant, were designed as described (Hansson et al. 2006; Aid et al. 2007; Suda et al. 2008) . To confirm amplification specificity, the PCR products from each primer pair were subjected to melting curve analysis and gel electrophoresis on 2% agarose gel. The amounts of each mRNA were estimated by normalization to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA level in the same sample.
Western blot
Total lysates of the hippocampal tissue were obtained by sonication of tissue in ice-cold lysis buffer 1. The lysis buffer 1 composition is as follows: 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, and 2% (w/v) sodium dodecyl sulfate with protease (Sigma Aldrich, St. Louis, Mo, USA) and phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Subcellular fractions from hippocampal tissue at PD 21 were prepared as described (Gu et al. 2009 ) with minor modification. In brief, the hippocampi were homogenized in ice-cold lysis buffer 2 (10 mM Tris-HCl pH 7.4, 320 mM sucrose, 1 mM EDTA, 1 mM EGTA, and protease and phosphatase inhibitor cocktail). A part of the homogenate was collected as the total protein (Ho fraction), and the remaining was centrifuged at 800 g for 15 min at 4°C to remove nuclei and debris. The supernatant was centrifuged at 10 000 g for 15 min at 4°C. The supernatant was collected as S2 fraction, and the pellet was suspended in hypotonic buffer (10 mM Tris-HCl pH 7.4, 1% (v/v) Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and protease and phosphatase inhibitor cocktail). A part of the suspension was collected as crude synaptosomal fraction (P2), and the remaining was centrifuged at 100 000 g for 30 min at 4°C. The supernatant was collected as crude synaptosomal cytosol fraction (S3), and the pellet was dissolved in lysis buffer 1 and collected as crude synaptosomal membrane fraction (P3).
Protein content was quantified by BCA Protein Assay Kit (Thermo Fisher Scientific). Protein samples were mixed with equal amounts of Laemmli sample buffer [100 mM Tris-HCl pH 6.8, 4% (w/v) sodium dodecyl sulfate, 20% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 10% (v/v) b-mercaptoethanol], and boiled at 95°C for 5 min. Equal amounts of proteins from both groups were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on Mini-PRO-TEAN TGX gels (Bio-Rad, Hercules, CA, USA) and transferred to polyvinylidene difluoride membrane with the Trans-Blot Turbo Blotting System and Trans-Blot Turbo Transfer Pack (Bio-Rad). The membranes were blocked with 5% (w/v) skim milk (Nacalai Tesque) or PVDF Blocking Reagent (TOYOBO, Osaka, Japan) for 1 h at 24°C, and then washed three times in Tris-buffer saline containing 0.1% (w/v) Tween 20. The membranes were incubated with each primary antibody at 4°C overnight and washed again. Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (MBL, Nagoya, Japan) at 24°C for 1.5 h. The membranes were washed again and visualized with Luminata western HRP Substrate (Millipore Corporation, Bedford, MA, USA). Digital images were taken by using an ImageQuant LAS 4010 biomolecular imager (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and analyzed by using ImageQuant TL software (GE Healthcare). The amounts of each protein were estimated by normalization to GAPDH or b-actin of the same sample in the same membrane. The following antibodies were used for immunoblots: BDNF (1 : 3000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), TrkB (1 : 2000; BD Biosciences, Franklin Lakes, NJ, USA), total ERK1/2 (t-ERK; 1 : 5000; Cell Signaling Technology, Beverly, MA, USA), phospho-ERK1/2 (p-ERK; 1 : 2000; Cell Signaling), postsynaptic density protein 95 (PSD95; 1 : 5000; Abcam, Cambridge, UK), N-methyl-Daspartate receptor subunit 2A and 2B (NR2A and NR2B; 1 : 5000; Millipore), glutamate receptor 1 (GluR1; 1 : 3000; Millipore), Ncadherin (1 : 5000; BD Biosciences), GAPDH (1 : 5000; Cell Signaling), and b-actin (1 : 5000; Abcam).
Golgi-cox staining and dendritic spine analysis
Rats from both groups were anesthetized with isoflurane and intracardially perfused with medical-grade physiological saline at PD 21 (n = 3 animals/group). After the perfusion, brains were removed from the skulls and sliced into blocks of approximately 5 mm thickness, using Brain Matrix. Tissues were immediately placed in Golgi-Cox fixative and processed by FD Rapid GolgiStain Kit (FD Neuro Technologies, Columbia, MD, USA) according to the manufacturer's protocol. Impregnated brains were rapidly frozen on pre-cooled isopentane with dry ice and then sectioned coronally at 100 lm thickness. Sections were stained according to the kit protocol.
Independent coronal sections containing the hippocampus were analyzed (n = 4 sections/animal). Dendritic spines were selected for 
Arc, activity-regulated cytoskeleton protein; BDNF, brain-derived neurotrophic factor; c-fos, cellular oncogene fos; Egr-1, early growth response protein 1; GAD, glutamate decarboxylase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; MPD, mevalonate pyrophosphate decarboxylase; SC5D, sterol-C5-desaturase; SI, sterol Isomerase; SQS, squalene synthase; TrkB, tropomyosin-related kinase B.
analysis according to the following standard criteria: (i) secondary branches of apical dendrites within 50-150 lm from soma of pyramidal neuron in the CA1 and CA3 regions; (ii) basal dendrites within 30-130 lm from soma of pyramidal neuron in the CA1 and CA3; (iii) dendrites within 30-100 lm from soma of granule neuron in the DG. Z-stacks of Golgi-stained dendrites (optical section thickness = 0.2 lm) were taken at 2.59 optical zoom with 1009 objective lens on BZ-9000 (KEYENCE, Osaka, Japan). Two dendrites were chosen from different neuron, and 2 9 10 lm segments of each dendrite were analyzed (n = 2 dendrites/section; total 24 dendrites/group). Spines were analyzed by the rapid Golgi analysis method (Risher et al. 2014b) . The measurement was performed by a researcher blinded to the groups. Spines were morphologically categorized into classical types: filopodia, thin, long thin, stubby, mushroom, and branched spine, depending on the spine head width and neck length, in accordance with the criteria as described (Risher et al. 2014b) .
Laser capture microdissection and real-time RT-PCR Pups from both groups at PD 7 were anesthetized and perfused with medical-grade physiological saline in the same manner as described above. Brains were removed from the skulls and submerged in OCT embedding compound (Sakura Finetek, Torrance, CA, USA) and frozen on dry ice. Tissue was sectioned in the coronal plane, using a cryostat at 10 lm thickness and mounted on polyethylene naphthalate membrane glass slide (Thermo Fisher Scientific). Sections were quickly stained by Histogene Laser capture microdissection (LCM) Frozen Section Staining Kit (Thermo Fisher Scientific) and then airdried in the fume hood for 10 min. All operations were carried out under RNase-free conditions. Individual CA1, CA3, and DG regions were microdissected from three sections per animal, using the ArcturusXT TM LCM System (Thermo Fisher Scientific). After dissection, tissues were lysed, and total RNA was extracted by NucleoSpin RNA XS (Macherey-Nagel, D€ uren, Germany). Then, a QuantiTect Reverse Transcription Kit (Qiagen) was used to synthesize cDNA with integrated genomic DNA removal from total sampled RNA. Gene expression analysis was performed in the same manner as described above.
Statistical analysis
Randomization was conducted by random number table with Excel (Microsoft, Redmond, WA, USA) for redistribution of pups and assignment of experimental group. Based on the earlier studies, the sample sizes were determined without power analysis. For analysis by real-time RT-PCR and western blot, the sample sizes were determined by reference to the earlier studies (Liao et al. 2014) and our previous studies Ohta et al. 2014) , and the number is defined by analyzed animal brain. Also, we determined the sample sizes by reference to the earlier studies of dendritic spine analysis (Norrholm and Ouimet 2001; Wang et al. 2011; Risher et al. 2014a; Afroz et al. 2016; Higashimori et al. 2016) , and the number is defined by dendrite analyzed in different neuron. All statistical analyses were performed with Statview software (SAS Institute, Cary, NC, USA). All data were analyzed with Student's t-test after confirming that the variances are equal by F-test. Results are expressed as mean AE SEM. Statistical significance was set at p < 0.05.
Results
MS reduces BDNF expression during early brain development
We first examined how MS affects BDNF and TrkB expression during early postnatal stages. BDNF gene expression gradually increased from PD 4 to PD 10 and reached the level equivalent to PD 21 at PD 10, and protein level also gradually increased from PD 4 to PD 21 (Fig. 1a  and b) . On the other hand, TrkB gene and protein expression did not change noticeably (Fig. 1a and b) . MS significantly reduced mRNA expression of BDNF at PD 4 [t (10) = À3.023, p = 0.013] and PD 7 [t (14) = À3.640, p = 0.003] (Fig. 1a) . In addition, MS significantly reduced BDNF protein expression at PD 7 [t (10) = À2.800, p = 0.019] and PD 10 [t (10) = À3.127, p = 0.011], whereas it increased at PD 21 [t (10) = 2.790, p = 0.019] (Fig. 1b) . However, mRNA and the protein level of TrkB was not affected by MS ( Fig. 1a and b) . These results suggest that MS decreases BDNF expression in the hippocampus during early postnatal period.
MS decreases ERK activation and its targeted genes expression during early postnatal period
To examine whether MS alters BDNF-regulated signal, we first analyzed activation of ERK1/2. There was no significant difference in t-ERK1/2 protein expression between MD and MRC groups, but MS significantly attenuated phosphorylation of ERK1/2 (pERK/tERK) at PD 7 [t (10) = À3.682, p = 0.004] (Fig. 2a) .
Next, we examined transcription of immediate early genes regulated by BDNF-ERK signaling. BDNF exon IV was highly expressed between PD 4 and PD 10 and then gradually decreased later, whereas other genes (Arc, Egr-1, and c-fos) drastically increased from PD 4 to PD 21 (Fig. 2b) . During the period of early brain development, MS significantly reduced mRNA levels of Arc [PD 4: t (10) = À4.471, p = 0.001, PD 7: t (13) = À2.630, p = 0.021, PD 10: t (14) = À3.096, p = 0.008], Egr-1 [PD 7: t (14) = À2.666, p = 0.018, PD 10: t (14) = À5.167, p < 0.001], c-fos [PD 7: t (14) = À3.622, p = 0.003] and BDNF exon IV [PD 4: t (10) = À4.743, p < 0.001, PD 7: t (14) = À3.066, p = 0.008] (Fig. 2b) . In contrast, MS significantly increased transcription of c-fos gene at PD 4 [t (10) = 4.592, p = 0.001] (Fig. 2b) . In addition, we investigated BDNF-regulated genes expression to estimate further changes mediated by BDNF at PD 7. BDNF regulates transcription of glutamate decarboxylase (GAD) 65 and 67, which are known as c-aminobutyric acid (GABA)-synthetic enzyme (Huang et al. 1999; Marty et al. 2000; Jin et al. 2003; SanchezHuertas and Rico 2011) . BDNF also promotes the transcription of enzymes in the cholesterol biosynthetic pathway in neurons (Suzuki et al. 2007) . We show that MS significantly reduced mRNA expression of GAD65 and 67 at PD 7 [GAD65: t (14) = À3.246, p = 0.006, GAD67: t (14) = À2.769, p = 0.015] (Fig. 3a) . Similarly, MS significantly decreased expression of several enzymes in the cholesterol biosynthesis [HMGCR: t (14) = À2.254, p = 0.041, mevalonate pyrophosphate decarboxylase: t (14) = À4.163, p = 0.001, sterol isomerase: t (14) = À3.146, p = 0.007, sterol-C5-desaturase: t (14) = À2.398, p = 0.031], while squalene synthase was unchanged (Fig. 3b) . These results indicate that MS attenuates BDNF-ERK signaling and BDNF-regulated genes expression around PD 7, which suggests that MS disrupts important factors related to synaptogenesis during the period of early brain development.
MS affects dendritic spine formation and maturation in hippocampal subregions
We examined glutamatergic postsynaptic proteins after MS schedule was completed to estimate changes in hippocampal synaptogenesis. The flowchart of subcellular fractions and protein subcellular localization is shown in Fig. 4(a) and (b). Since these proteins mainly accumulate in the postsynaptic membrane, we analyzed both Ho fraction and P3 fraction. There were no significant differences in the expression of NR2A and NR2B. However, MS significantly reduced PSD95, GluR1, and N-cadherin expression in P3 fraction [PSD95: t (10) = À5.065, p < 0.001, GluR1: t (10) = À3.106, p = 0.011, N-cadherin: t (10) = À2.402, p = 0.037] but not in Ho fraction (Fig. 4c) .
Since PSD95 is highly enriched in dendritic spines, we next analyzed dendritic spine density and structural changes in each hippocampal region. In pyramidal neurons of the CA1 region, MS significantly reduced total spine density in apical dendrites [t (46) = À3.759, p < 0.001] (Fig. 5b and c) . Morphological analysis revealed that mushroom spines were particularly decreased in apical dendrites of the CA1 pyramidal neurons of MD group [t (46) = À3.614, p < 0.001] (Fig. 5b and c) . In addition, MS significantly decreased thin spines of basal dendrites in the CA1 pyramidal neuron [t (46) = À2.157, p = 0.036], while there were no significant differences in the total spine density [t (46) = À1.860, p = 0.069] (Fig. 5b and d) . On the other hand, total spine density was not noticeably changed by MS in apical and basal dendrites of pyramidal neurons of the CA3 region (Fig. 6b-d) . Interestingly, morphological analysis showed that MS increased mushroom spines in basal dendrites, unlike the tendency observed in the CA1 [t (46) = 2.135, p = 0.038] (Fig. 6b and d) . In granule neurons of the DG region, total spine density tended to be reduced, but there was no significant difference [t (46) = À1.800, p = 0.078] (Fig. 7b and c) . In addition, detailed analysis of structural changes showed that MS reduced filopodia spines [t (46) = À2.256, p = 0.029], while stubby spines were increased [t (46) = À2.101, p = 0.041] (Fig. 7b and c) . These results suggest that MS disrupts spine formation and maturation in the hippocampus, and apical dendrites of the CA1 region are particularly susceptible to adverse effects of MS.
MS particularly attenuates expression of BDNF and immediate early genes in the CA1 region at PD 7
Considering that MS affected spine density in the hippocampus in a region-specific manner, we next investigated mRNA expression of BDNF and immediate early genes in each hippocampal region. MS significantly reduced mRNA expression of BDNF in the CA1 [t (10) = À3.198, p = 0.010] and the DG [t (10) = À4.990, p = 0.007] (Fig. 8b) . Gene expression of Arc was reduced by MS in the CA1 [t (10) = À3.344, p = 0.007] and the CA3 [t (10) = À4.042, p = 0.003], and Egr-1 was decreased only in the CA1 [t (10) = À2.270, p = 0.047] (Fig. 8b) . There was no significant difference in TrkB gene expression between both groups. These results indicate that MS greatly affects BDNF-related genes expression in the CA1 region during early postnatal period compared to the DG and CA3 regions.
Discussion
In this study, we focused on the identification of factors and period vulnerable to prolonged MS. Our study has revealed that prolonged MS reduces BDNF expression, ERK activation, and transcription of immediate early genes in the hippocampus during early postnatal period. Our results indicate that the reduction in BDNF expression by MS causes attenuation of ERK phosphorylation, followed by a decrease in transcription of immediate early genes. Interestingly, attenuated BDNF-ERK signaling was period-specific, approximately corresponding to primary synaptogenesis in the hippocampus. Moreover, morphological analysis revealed that MS affected spine formation in the hippocampus during the weaning period, and dendritic spines in proximal apical dendrites of CA1 pyramidal neurons were particularly susceptible to adverse effects of MS. These results suggest that MS could disrupt primary synaptogenesis in the hippocampus via BDNF-ERK signaling. These disruptions by MS during early brain development might cause hippocampal-dependent learning deficit.
A key finding of our study is that prolonged MS attenuated BDNF-ERK signaling around PD 7, while it did not alter this signaling after PD 14. The adrenocortical response is less sensitive to stress during early postnatal period, and this period is defined as 'stress hyporesponsive period' (Sapolsky and Meaney 1986; Levine et al. 1991) . However, prolonged MS greatly increases serum corticosterone at PD 7 (Ohta et al. 2014) . Given that BDNF expression is suppressed by corticosterone (Hansson et al. 2006) , corticosterone increase as a result of prolonged MS might strongly affect BDNF-ERK signaling around PD 7 with synergistic effect of the undeveloped stress system. Reduction in BDNF in this study is likely to be adequate for attenuating BDNF-ERK signaling at PD 7 although BDNF expression was very low. The reason for this might be that ERK signaling is easily activated by BDNF before the development of GABAergic inhibition . Namely, BDNF activates ERK signaling more efficiently around PD 7 and reduction in BDNF by MS at PD 7 might greatly affect brain development via attenuation of BDNF-ERK signaling compared to other developmental periods. In fact, although prolonged MS reduced BDNF gene and/or protein expression from PD 4 to PD 10, ERK activation and immediate early genes expression were particularly attenuated at PD 7. In contrast, c-Fos expression at PD 4 was increased in MD groups. This increment might be attributed to acute stress response rather than BDNF-ERK signaling because BDNF at PD 4 is very low compared to PD 7 and BDNF marginally induces c-fos expression at the early stages . In addition, gene expression of c-fos and BDNF exon IV is not altered at PD 10, while Arc and Egr-1 were decreased. These results also suggest that the approximate period around PD 7 is most vulnerable to the effects of repeated MS. Our results also show that BDNF protein expression in MD group was increased at PD 21 in contrast to the developmental period. The increment of BDNF was found on the day after MS schedule was completed. Several studies also report that BDNF expression is increased for a short period after the completion of repeated MS (Roceri et al. 2004; Nair et al. 2007; Miki et al. 2014) . Considering that BDNF has a role in neuronal protection and repair (Lu et al. 2013) , the increment of BDNF at PD 21 in this study might represent a compensatory consequence of repeated MS.
BDNF-ERK activation is known to be essential for dendritic spine formation in the hippocampus during the early postnatal period (Wu et al. 2001; Doerks et al. 2002; Kumar et al. 2005; Lesiak et al. 2013) . Several studies indicate that ERK signaling pathways stimulate mammalian target of rapamycin signaling, which up-regulates expression of synaptic proteins such as PSD95 and GluR1 and promote spine formation (Li et al. 2010; Winter et al. 2011) . Moreover, BDNF-ERK signaling increases the expression of immediate early genes, which reflects activity in the neuronal system and is also an essential factor for neuronal plasticity and synaptic formation Okuno 2011; Zhou et al. 2011) . Also, these genes play an important role in the formation and morphogenesis of spines in the hippocampus (Peebles et al. 2010; Veyrac et al. 2013) . Synaptogenesis begins at an early stage in primary hippocampal neurons (Baj et al. 2014) . Also, ultrastructural examination revealed that dendritic filopodia contacts axons during the first postnatal week and dendritic spines start to increase from PD 6 to PD 12 in the CA1 region of hippocampus (Fiala et al. 1998) . In this study, the period during which BDNF-ERK signaling was reduced by MS corresponds to the time-point when synapse formation begins. Given the critical role of BDNF-ERK signaling during synaptogenesis, it is likely that decrease in this signaling around PD 7 disrupts primary synaptogenesis. In addition to the attenuation of BDNF-ERK signaling, our study has shown that MS down-regulates the expression of BDNF-regulated factors such as GAD65 and GAD67. Studies have reported that GABAergic interneurons increase and GABAergic synapses begin to appear from PD 6 in rat hippocampus (Seress and Ribak 1988; Rozenberg et al. 1989 ). In addition, the development of GABAergic interneurons is enhanced by BDNF signaling (Huang et al. 1999; Marty et al. 2000; Jin et al. 2003; Sanchez-Huertas and Rico 2011) . Therefore, reduction in GAD65 and GAD67 expression at PD 7 might also be caused by an attenuation in BDNF signaling, which indicates that MS might affect the development of GABAergic interneurons. GABAergic interneurons cause depolarization of postsynaptic neurons during the first postnatal period, which completely switches from depolarized to hyperpolarized states until approximately PD 10 (Ben- Ben-Ari 2001) . GABA-induced depolarization during the early postnatal period is important for proper excitatory synapse formation (Wang and Kriegstein 2008; Pfeffer et al. 2009 ). Therefore, it is possible that a delay in GABA development by MS also adversely affects primary synaptogenesis during early development. MS also decreased the expression of several cholesterol synthetic enzymes at PD 7. These enzymes convert acetylCoA to cholesterol, and BDNF promotes cholesterol biosynthesis by up-regulating enzymes such as HMGCR and MPD in the neuron (Suzuki et al. 2007) . BDNFinduced cholesterol synthesis develops cholesterol-rich microdomains (lipid rafts) in the neuronal membrane, which contributes to the trafficking and stability of synaptic proteins in the presynaptic or postsynaptic site (Allen et al. 2007; Suzuki et al. 2007 ). In addition, deletion of lipid rafts reduces the accumulation of postsynaptic proteins such as GluR1 and PSD95 and causes loss of dendritic spine in cultured hippocampal neurons (Hering et al. 2003) . Therefore, MS may impede development of lipid rafts by reduction in cholesterol biosynthesis via BDNF signaling, which may cause insufficient accumulation of PSD95 and GluR1 in synaptic membrane and loss of dendritic spine during the weaning period, as showed in this study.
Considering the relation between synaptogenesis and BDNF-regulated signaling, we next focused on whether MS affects synaptic formation. Some studies reported that MS affects expression of glutamate receptors in the hippocampus later in life (Pickering et al. 2006; Martisova et al. 2012) . However, in this study, there was no significant difference in N-methyl-D-aspartate (NMDA) receptor subunits between MD and MRC groups during weaning period. This difference might be because this study used brain samples from young rats while previous studies used samples from aged rats. We also show that MS reduced PSD95 and GluR1 expression in the synaptic membrane of hippocampus. PSD95 is one of the constituents of excitatory PSDs and related to spine formation and stability (Nikonenko et al. 2008; Cane et al. 2014; Isshiki et al. 2014) . Moreover, PSD95 has an important role in accumulation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptor but not NMDA receptor in the synaptic membrane (Schnell et al. 2002; Bats et al. 2007) . Therefore, reduced GluR1 expression by MS might reflect insufficient accumulation of GluR1 on the synaptic membrane by reduction in PSD95. In addition, our study has shown that N-cadherin, which is a synaptic cell-adhesion molecule, was reduced in the synaptic membrane. N-cadherin is also related to stabilization of dendritic spine (Mendez et al. 2010) , so this reduction might also reflect a decrease in the number of synapses similar to PSD95. These results suggest that MS could disrupt synaptic formation during brain development.
Given the reduction in these synaptic proteins, we also analyzed spine formation and morphology. MS markedly decreased the proportion of mature spines in apical dendrites of CA1 pyramidal neurons compared to other areas. Apical dendrites in stratum radiatum of the CA1 region receive projections from the Schaffer collateral of the CA3 pyramidal neurons (Dudman et al. 2007) . Therefore, our result suggests that MS mainly affects the development of CA3-CA1 pathway during early brain development. In fact, several MS experiments indicate that repeated MS until second postnatal week impairs long-term potentiation in CA3-CA1 synapses and hippocampus-dependent learning deficit later in life (Suri et al. 2013; Sousa et al. 2014) . Moreover, repeated MS until PD 10 or 11 also causes a similar effect Thomas et al. 2015) . Therefore, impairment of the CA1 region is likely to be caused by MS during early postnatal period. Some studies indicate that BDNF increases excitatory synaptic activity and dendritic spine density in apical dendrites of the CA1 pyramidal neurons in hippocampal slice prepared from early postnatal rats Pozzo-Miller 2001, 2003) . In addition, these increments are indicated to be mediated by BDNF-ERK signaling (Doerks et al. 2002; Lesiak et al. 2013) . Interestingly, ablation of TrkB before, but not after, synaptic formation is reported to reduce spine density in CA1 apical dendrites and varicosity in Schaffer collateral synapses (Luikart et al. 2005 ). As mentioned above, BDNF-mediated intracellular signaling is most dynamic before maturation of GABA interneuron, and synaptogenesis in the CA1 pyramidal neurons begins from the first postnatal week. Based on these results, a decline in the number of mature spines in apical dendrites of the CA1 pyramidal neurons is likely to be partly because of reduction in BDNF-ERK signaling by MS around PD 7. Although there were no obvious changes in spine density in other hippocampal areas, morphological analysis revealed that thin-type spine of basal dendrites in the CA1 pyramidal neurons and filopodia in the DG granule neurons were decreased. On the contrary, mushroom-type spines were increased in basal dendrites in the CA3 pyramidal neurons. These contrasting effects might be attributed to the difference in response to stress in each region of the hippocampus. Some studies indicate that corticosterone treatment mainly decreases BDNF genes expression in the CA1 and the DG, but not the CA3 (Hansson et al. 2003 (Hansson et al. , 2006 . Low maternal care in early life is also reported to decrease BDNF mRNA expression in the CA1 and the DG, but not the CA3 at PD 8 (Liu et al. 2000) . Our LCM results also show that expression of BDNF was decreased in the CA1 and the DG, and immediate early genes were particularly reduced in the CA1 at PD 7. Thus, it is likely that excess stress by MS strongly affects the CA1 compared to other hippocampal areas during the early postnatal period. The possible reason is that glucocorticoid receptor abundantly locates in the CA1 compared to the CA3 and the DG (Herman and Spencer 1998; Vazquez et al. 1998; Yau and Seckl 2012) . Unlike mineralocorticoid receptor that is expressed throughout the hippocampus, glucocorticoid receptor has a lower affinity for glucocorticoids such as corticosterone, and is substantially activated by an increase in stress-induced glucocorticoids (Herman and Spencer 1998; Vazquez et al. 1998; Yau and Seckl 2012) . Therefore, the vulnerability for stress in the CA1 region might be attributed to location of glucocorticoid receptor in the hippocampus. However, our results do not imply that MS marginally influences the DG and the CA3 regions. Actually, LCM data show that MS down-regulates BDNF gene expression in the DG and Arc gene expression in the CA3 region at PD 7. BDNF signaling is well known to activate not only ERK but also phosphatidylinositol 3-kinase (PI3K) or phospholipase Cc pathways (Yoshii and Constantine-Paton 2010) . Particularly, BDNF-PI3K signaling destabilizes dendritic spines and increases immature spines such as filopodia, and inhibition of BDNF-PI3K signaling decreases only immature spines (Kumar et al. 2005) . Consequently, reduction in immature spines in the basal dendrite of the CA1 pyramidal neurons and granule cell of the DG may reflect the influences of other kinds of BDNF signaling. Moreover, MS from PD 14-16 increases dendritic spine density in CA3 apical dendrites at PD 21 (Xie et al. 2013) . However, another study reports that early life stress from PD 2-9 decreases apical and basal dendritic spine density in the CA3 region (Liao et al. 2014 ). Since our MS period was longer, MS might have more complex effects on dendritic spine formation and morphology in the CA3 region instead of a simple increase. These different effects are often observed in experiments of early life stress depending on different MS procedures used, such as period and intensity. These indicate the complexity of related factors and critical period in each hippocampal region. Hence, future studies are required to elucidate relation between the factor and the critical period vulnerable to early life stress.
In conclusion, this study has shown the attenuation of BDNF-ERK signaling during early postnatal period as one of the causes of disruption of spine formation by MS. These findings contribute to determining the key molecular mechanism and critical period affected by early life stress, which is linked to further studies to understand in depth how early life stress causes developmental disability such as learning deficit. Asterisks indicate a statistically significant difference from mother-reared control (MRC) group (Student's t-test; *p < 0.05, **p < 0.01).
